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Abstract
Background
Many microbes have evolved the ability to co-exist for long periods of time within other species in the absence of overt pathology. Evolutionary biologists have proposed benefits to
the microbe from ‘asymptomatic persistent infections’, most commonly invoking increased
likelihood of transmission by longer-lived hosts. Typically asymptomatic persistent infections arise from strong containment by the immune system, accompanied by protective
immunity; such ‘vaccination’ from overt disease in the presence of a non-sterilizing immune
response is termed premunition or concomitant immunity. Here we consider another potential benefit of persistence and concomitant immunity to the parasite: the ‘exclusion’ of competing super-infecting strains, which would favor transmission of the original infecting
organism.

Methodology / Principle Findings
To investigate this in the protozoan parasite Leishmania major, a superb model for the study
of asymptomatic persistence, we used isogenic lines of comparable virulence bearing independent selectable markers. One was then used to infect genetically resistant mice, yielding
infections which healed and progressed to asymptomatic persistent infection; these mice
were then super-infected with the second marked line. As anticipated, super-infection
yielded minimal pathology, showing that protective immunity against disease pathology had
been established. The relative abundance of the primary and super-infecting secondary
parasites was then assessed by plating on selective media. The data show clearly that
super-infecting parasites were able to colonize the immune host effectively, achieving numbers comparable to and sometimes greater than that of the primary parasite.
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Conclusions / Significance
We conclude that induction of protective immunity does not guarantee the Leishmania parasite exclusive occupation of the infected host. This finding has important consequences to
the maintenance and generation of parasite diversity in the natural Leishmania infectious
cycle alternating between mammalian and sand fly hosts.

Author Summary
Transmission is an essential aspect in the life cycle of obligate pathogens, and the ability of
a pathogen to be transmitted while simultaneously limiting the chances for other pathogens of the same species could provide an important selective advantage. One mechanism
whereby a pathogen could accomplish this is by co-opting its host’s immune response to
prevent super-infecting pathogens from becoming established, thus effectively gaining
exclusive transmission rights from that host. Several pathogen species have evolved the
ability to persist indefinitely within their hosts despite the host’s acquisition of protective
immunity against subsequent infection by that pathogen, a condition known as concomitant immunity. We asked whether ‘exclusivity’ was a force underlying the evolution of
concomitant immunity using the protozoan parasite Leishmania major as a model. Using
genetically marked parasite lines derived from the same Leishmania strain, we show that
prior infection does not prevent the entry and survival of subsequently infecting parasites,
even though the pathology induced by the secondary infections was markedly reduced.
Thus, while persistent Leishmania parasites may vaccinate their hosts against pathology,
they do not confer protection against superinfection. This finding has important consequences to the maintenance and generation of Leishmania genetic diversity, especially
through sexual processes.

Introduction
Persistent host/pathogen relationships are often characterized by a ‘stalemate’ in which the
host neither succumbs to disease nor is able to completely achieve sterile cure. Persistent infections can show varying degrees of pathology, ranging from chronic overt disease to asymptomatic infections, reflecting different mechanisms of disease tolerance [1,2,3,4,5,6]. For
asymptomatic persistent infections, often a key component is a strong immune response on
the part of the host, which is required to keep pathogen numbers in check. In some cases, this
immune response also serves to protect against pathology resulting from subsequent re-infection by the same pathogen, a process known as premunition or concomitant immunity [7,8,9].
Long-term host/pathogen relationships carry benefits and risks to both partners, and have
been the subject of considerable study from an evolutionary perspective [10,11,12]. In the case
of concomitant immunity, the host benefits by its immune system’s ability to control the infection and minimize pathology, as well as protection from disease arising from new infections.
However, this comes at the cost of increased risk of disease reactivation, typically following
immunosuppression or stress [1,4,13,14,15]. From the pathogen’s perspective, while concomitant immunity decreases microbial numbers, it may improve the likelihood of transmission
due to the increased longevity of the infected host.
A second potential benefit to the pathogen of concomitant immunity is ‘exclusivity’, in that
the pathogen may use its host’s immune response to gain a competitive advantage by reducing
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the invasion of the host by other strains or species. For Schistosoma mansoni, concomitant
immunity may limit intraspecific competition for limited resources [7,16]. This question has
been less studied in microbes, where potentially, concomitant immunity could completely or
partially preclude secondary colonization of the infected host, and thereby favor transmission
of the primary infecting strain. In some respects concomitant immunity might act as a barrier
to superinfection in a manner analogous to the mechanisms employed by lysogenic bacteriophages which generally render their bacterial host resistant to super-infection with closely
related phage [17]
The protozoan parasite Leishmania major provides an excellent model for investigating
forces of concomitant immunity and persistence. L. major is transmitted to mammalian hosts
by the bite of phlebotomine sand flies, and in laboratory mice a range of pathology ensues
depending on both the particular parasite and mouse strain [18]. Infections of genetically susceptible mice (such as BALB/c) with most L. major strains yields a progressive and fatal infection [18]. In contrast, infection of genetically resistant mice (such as C57BL/6) initially gives
rise to a progressive parasitemia and lesion pathology at the site of inoculation similar to that
seen in BALB/c mice, but after 4–6 weeks an immune response develops which controls both
parasitemia and pathology [18,19]. Notably, the healed mice are effectively vaccinated and
resistant to disease pathology from subsequent infections. Following healing, and for the
remainder of the host’s life, a small number of parasites often persists in the skin at the site of
inoculation and in the regional lymph node draining that site [20]. In keeping with concomitant immunity/premonition paradigm, these persistent parasites appear to be important for the
maintenance of an anti-Leishmania immune response, as treatment resulting in sterile cure is
associated with the loss of immunity [21,22]. Indeed, the strong protective immunity induced
by persistent Leishmania is the basis for the ancient practice of leishmanization, in which live,
virulent parasites are intentionally inoculated in inconspicuous sites of the body to protect
against natural infection and pathology at other sites [23]. However, persistent Leishmania are
likewise the source for reactivation following immunosuppression [14,15].
Asymptomatic persistent Leishmania infections of C57BL/6 mice fit several criteria relevant
to understanding of the benefits and tradeoffs of concomitant immunity. The animals are
healthy, and despite the small numbers (< 1000 / mouse), persistent parasites can be efficiently
transmitted to sand flies [24,25,26]. Several previous studies exploring the immune response
induced by persistent parasites inoculated L. major into a primary site, waited for the lesion
pathology to resolve, and inoculated a challenge at a secondary site [22,27,28,29,30]. Each time,
viable parasites were recovered from the secondary site, the assumption being that these arose
from the secondary challenge. However, L. major is known to traffic to sites distant from the
site of inoculation [20]. Thus, parasites isolated at the secondary inoculation site may have
actually originated from the primary infection, perhaps accentuated by the transient reactivation of parasites at the primary infection site as reported by Mendes et al [27].
To unambiguously establish the question of secondary colonization and exclusivity, we generated parasites derived from the same strain of L. major of comparable virulence but bearing
independent drug resistance markers (PHLEO/phleomycin and SAT/nourseothricin). These
were then used in the classic infection/challenge persistence model, using one strain as the primary infection, which gave rise to the expected lesion/healing/persistence phenomenon, followed by injection with the second strain in the opposite foot. The results show clearly that
under these conditions Leishmania persistence is not accompanied by ‘exclusivity’, in that similar numbers of both ‘primary’ and ‘secondary’ parasites persisted at their respective sites of
inoculation. These data suggest that while persistent L. major vaccinates its host from disease
pathology, it does not confer exclusivity to the acquisition of secondary infecting Leishmania.
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This finding has important consequences to the maintenance and generation of Leishmania
genetic diversity, including that arising through sexual processes [31,32].

Materials and Methods
Parasite strains and culture
The generation of both the phleomycin resistant parasites (SSU:IR1PHLEO-YFP; referred to
here as LmjF-PHLEO) and the nourseothricin-resistant parasites (SSU:SAT-TK-LUC; referred
to here as LmjF-LUC-SAT) used in this study was described previously [33,34]. Parasites were
grown at 26˚C in M199 medium (US Biologicals) supplemented with 40 mM 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid (HEPES) pH 7.4, 50 μM adenosine, 1 μg ml−1 biotin,
5 μg ml−1 hemin, 2 μg ml−1 biopterin and 10% (v/v) heat-inactivated fetal calf serum [35].
Nourseothricin (Jena Bioscience, Jena, Germany) was used at a concentration of 100 μg/ml and
phleomycin (Sigma, St. Louis, MO) was used at a concentration of 20 μg/ml. Infective metacyclic-stage parasites were recovered using the density gradient centrifugation method [36].

Ethics statement
This study was carried out in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the United States National Institutes of Health. Animal
studies were approved by the Animal Studies Committee at Washington University (protocol
#20090086) in accordance with the Office of Laboratory Animal Welfare's guidelines and the
Association for Assessment and Accreditation of Laboratory Animal Care International.

Mouse infections
Female C57Bl/6J mice (Jackson Labs) were injected subcutaneously in a hind footpad with 105
metacyclic stage parasites. Naïve mice (6–8 weeks old) were injected in the left hind footpad.
Secondary injections took place in the right hind footpad at a time point >1 month after primary lesions had resolved. Footpad lesion thickness was measured using a Vernier caliper
(Mitutoyo). Lesion size was calculated as the difference in thickness between the infected and
uninfected footpads. Luciferase activity was determined as described elsewhere [34]. Briefly,
mice were given a dose of D-luciferin (150 μg gram-1 body weight; Biosynth) in PBS 10 minutes
prior to imaging with an IVIS 100 imaging system (Xenogen Corp). In this study, values less
than 105 p/s fall into the background range. Limiting dilution assays were performed as
described previously [37], with the addition of phleomycin or nourseothricin as indicated.
Reconstruction experiments suggest that the limit of detection was about 14 parasites/footpad.

Statistics
Data are presented as the arithmetic mean ± the standard deviation. P values were calculated
by the Student’s t-test.

Results
Development of two genetically marked L. major with comparable
virulence in resistant mice
We used two L. major Friedlin V1 parasites expressing genes conferring resistance to the antibiotics nourseothricin (SAT) or phleomycin (PHLEO). The nourseothricin resistant parasites
also express firefly luciferase, and will be referred to hereafter as “LmjF-LUC-SAT”, while the
phleomycin resistant parasites will be referred to as LmjF-PHLEO. To confirm that the
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Fig 1. The LmjF-LUC-SAT and LmjF-PHLEO strains show comparable virulence in infections of resistant mice. C57BL/6 mice (5 per group) were
infected with 105 metacyclic stage LmjF-LUC-SAT or LmjF-PHLEO L. major. (A) Measurements of lesion pathology (increase in footpad thickness). Error
bars show the standard deviation. (B) Persistent parasites numbers were determined by limiting dilution assay from footpad tissue 130 days post infection.
Horizontal bars show the geometric mean. †, P > 0.05.
doi:10.1371/journal.pntd.0004811.g001

LmjF-LUC-SAT and LmjF-PHLEO parasites were of comparable virulence in mice, 105 metacyclic-stage parasites were inoculated into the footpads of naïve C57BL/6 mice (5 mice/group),
and the lesion pathology was monitored over time (Fig 1A). Both lines exhibited disease progression typical of untransfected L. major / C57BL/6 infections, with lesions developing
between 10–17 days post infection and reaching their maximum (~1.4 mm increased footpad
thickness) around 30 days post infection [38,39]. Thereafter the lesions declined, and were
completely resolved by 130 days post-infection (Fig 1A). While there was some tendency for
the LmjF-LUC-SAT line to show smaller lesion sizes, at no point was this difference statistically
significant. After resolution, mice were sacrificed and the parasite titers in the infected feet
were enumerated by limiting dilution analysis (Fig 1B). The number of persistent parasites
recovered for both lines was in agreement with what is expected in this experimental system
(typically 100–1000 parasites, with substantial variability amongst mice and experiments)
[20,27,28,30,40]. Importantly, we found no significant difference in the number of persistent
parasites between the two lines, with LmjF-LUC-SAT and Lmj-PHLEO showing a similar
range (Fig 1B) and mean (25 and 32 parasites / foot; P > 0.45 by Student’s t-test). We judged
these lines to be of comparable virulence and suitable for subsequent experiments.

Healed mice were protected against pathology from subsequent
challenge
Two experiments were performed in which naïve mice (4–5 mice per experiment) were inoculated with 105 purified metacyclic-stage LmjF-LUC-SAT parasites in the left hind footpad primary infection site. A lesion formed at that site and resolved in accordance with the data
shown in Fig 1A. At a time point >1 month after resolution (1.5 and 3 months for experiments
1 and 2 respectively), 105 metacyclic LmjF-PHLEO parasites were inoculated into the right
hind footpad secondary infection site. Footpad swelling of both the primary (L) and secondary
(R) injection sites was then measured over time. We also used in vivo imaging of luciferase
activity to visualize LmjF-LUC-SAT parasites, as a second probe of whether transient reactivation of primary parasites occurred [27].
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As expected, in both experiments the mice showed good protection, as evidenced by a
reduction in lesion pathology at the secondary ‘challenge’ site. Although with some variation,
in both experiments the lesions generated by the secondary LmjF-PHLEO parasites were significantly smaller and resolved more rapidly than those in naïve mice (Fig 2A). We saw no

Fig 2. Mice persistently infected with LmjF-LUC-SAT show protection from disease pathology by secondary challenge with LmjF-PHLEO
parasites. Mice (4-5/group) were inoculated with 105 metacyclic LmjF-LUC-SAT parasites in the left hind footpad (primary site), after which they
developed lesions and then went on to heal (similar to that shown in Fig 1A). (A) At least one month after resolution of the primary lesions, each mouse
was inoculated in the right hind footpad (secondary site) with 105 metacyclic LmjF-PHLEO parasites, and lesion progression is shown in the figure. The
dashed line represents the average of the data presented in Fig 1A for infections of naïve mice with LmjF LUC-SAT and LmjF-PHLEO for comparison. In
these experiments “time 0” is when the secondary inoculation was performed unless otherwise indicated. For all plots, error bars show the standard
deviation (n = 4 or 5 in expt. 1 or 2 respectively). (B) Footpad thickness at the primary injection site (left foot). (C) Monitoring of reactivation of the primary
LmjF-LUC-SAT parasites at the primary (♦,■) or secondary (^,□) infection sites site by bioluminescent imaging of luciferase expression in vivo;
experiment 1 (♦,^); experiment 2 (■,□). The gray circle (upper right) shows the luminescence profile of LmjF-LUC-SAT parasites infecting naïve mice at
the peak of infection, included for comparison only. Error bars depict the standard deviation.
doi:10.1371/journal.pntd.0004811.g002
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evidence of reactivation of the “primary” LmjF-LUC-SAT parasite, as judged by either lesion
measurement (Fig 2B) or in vivo imaging of parasite luciferase (Fig 2C, left), the latter yielding
values in the background range, and orders of magnitude less than what is seen following infection of naïve mice by these parasites at the peak of parasitemia (Fig 2C, right).

Similar numbers of both “primary” and “secondary” parasites persist
Having established the classic Leishmania paradigm of vaccination following resolution of a
primary challenge for the genetically marked lines in our study, we then measured the occurrence of both the primary- and secondary- infecting parasites, in both infection sites. This was
performed by limiting dilution assays at day 87 (experiment 1) or day 139 (experiment 2) postinfection. Total parasites were assessed by growth in the absence of drug, while LmjF-LUCSAT (primary) was estimated from growth in media containing nourseothricin and
LmjF-PHLEO (secondary) from growth in media containing phleomycin. The results from
individual mice from both experiments as well as the global averages are shown in Fig 3.
Parasites were recovered from all primary infection sites, ranging from 14 to 504 parasites/
foot, with an average of 282 ± 158 parasites recovered per foot (N = 9). These parasites were
exclusively the primary LmjF-LUC-SAT parasite, as they were unable to grow in the presence
of phleomycin. In one animal parasites expressing the SAT marker were apparently lost; similar results have been reported in L. tarentolae and attributed to the genetic plasticity of the ribosomal RNA locus [41], and we have seen this occasionally in other experiments in L. major.
Parasites were also recovered from the secondary infection site from 8 of the 9 mice, ranging
from 14 to 785 parasites/foot, with an average of 119 ± 156 parasites/foot. Importantly, nearly
all of the parasites recovered from the secondary infection site were the LmjF-PHLEO parasite
inoculated there (99 ± 3%). In only one mouse (#2–5) was colonization of the secondary site by
‘primary’ infection site LmjF-LUC-SAT parasites found, suggesting that metastasis of parasites
from the primary to the secondary sites occurs infrequently. Importantly, the numbers of ‘primary’ infection site LmjF-LUC-SAT parasites were not significantly different from that seen
for the ‘secondary’ infection site LMjF-PHLEO parasites (P > 0.08, Student’s T-test). These
data show that despite successful ‘vaccination’, as defined by reduction in lesion pathology, this
immunity was not ‘sterilizing’ against secondary infection and did not preclude efficient colonization of the infected mouse significantly.

Discussion
A number of factors have been proposed to contribute to the maintenance of pathogens for
long periods of time in the host, including an insufficient immune response and the benefits
accruing to the pathogen from residing within a longer-lived host thereby increasing the likelihood of transmission [10,12]. In many cases this relationship has progressed to the point
where the pathogen infection is asymptomatic, thereby fulfilling the evolutionary dictum that a
‘successful pathogen does not kill its host too quickly”. Often this asymptomatic persistence is
accompanied by protection from disease induced by further infections of the same or related
pathogens, a process termed concomitant immunity [7]. Such a relationship provides benefits
to both the pathogen and the host through increased longevity of the latter (albeit with some
risk of reactivation), and increased transmission of the former.
Leishmania provides an attractive system for the study of concomitant immunity
[20,21,27,42,43,44] and here we have used this to consider another potential benefit to the
pathogen, one of ‘exclusivity’. Exclusivity would favor transmission of the primary infecting
pathogen due to reduction in the ability of secondary infecting parasites to becoming established in a previously infected host. However, our data show clearly that despite induction of a
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Fig 3. Retention of both primary and secondary infecting parasites following secondary challenge despite
protection from disease pathology. The graph plots the number of persistent parasites present in sites of primary
and secondary Leishmania infections >10 weeks post secondary challenge as assessed by limiting dilution analysis
in unselective (white bar), nourseothricin-containing (gray bars; resistance mediated by SAT marker) or phleomycincontaining (black bars; resistance mediated by PHLEO marker) as described in the methods. The number of
parasites in the primary infection site (LmjF-LUC-SAT inocula) is displayed in the top graph, and the number of
parasites in secondary infection site (LmjF-PHLEO inocula) foot is displayed in the bottom graph. The numbers
between the two graphs represent the mouse identification number (experiment number-mouse number). “Avg.”
represents the mean for all mice.
doi:10.1371/journal.pntd.0004811.g003

protective immune response able to mitigate disease pathology (Fig 2), secondary Leishmania
major infections are nonetheless able to establish themselves effectively in a previously infected
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host (Fig 3). While this result may have been anticipated from prior studies [22,28], this is the
first time this has been established rigorously for Leishmania using genetically marked parasites able to distinguish primary from secondary infections and bioluminescent imaging to
assess reactivation. Our studies also provide limited support for the prior assumption that in
general parasites are not frequently transferred from the primary to the secondary site of infection, although we did observe transfer in one mouse (Fig 3, mouse #2–5).
Consistent with prior studies, the immunity generated by persistent parasites was not always
sterilizing and the average number of “secondary” parasites was not statistically different from
that of the “primary” parasites (Fig 3). Nonetheless, the average number of parasites recovered
from the secondary site was about 2-fold less than from the primary site, similar to the findings
of Mendez et al (2004) [27]. Thus, it is possible that secondary infecting parasites may experience a modest quantitative disadvantage, which over evolutionary time could provide a strong
positive selective force on the parasite favoring the induction of concomitant immunity. This
phenomenon may warrant further study in the future.
In our studies an inoculum of 105 purified metacyclic parasites was used. While most sand
flies transmit less than 600 parasites to mice, some transmit up to 105 [25]. Thus, the infecting
dose used here falls on the high side of the biologically relevant range. Studies using low-dose
infections with 100 metacyclics also recovered parasites from the site of secondary infection,
although genetic markers were not available to confirm their identity [22,27,28,29]. Undoubtedly there are a number of experimental variables that could be pursued in future studies,
including infecting dose, the relative timing of the primary and challenging infections, or sites
of inoculation other than the footpad that may be potentially relevant, such as the ear, snout or
tail. Another important variable is the extent of genetic identity between the primary and secondary infections; we purposefully chose to study isogenic parasite lines here to maximize the
likely efficacy of concomitant immunity, the efficacy of which might be expected to decrease
with heterologous strains or event species. Lastly, while our experiments were carried out in an
‘orderly’ manner with primary and secondary infections in separate feet, nature is decidedly
less so, and indeed infections may occur at the same location [45], thereby increasing the likelihood of transmissible mixed infections.
An important question is the relevance of ‘needle’ infections performed here to natural sand
fly transmission, where parasites are deposited along with immunomodulatory factors of both
sand fly and parasite origin. These factors include saliva and secreted parasite molecules such as
proteophosphoglycan, both of which typically act to facilitate primary infections [46,47,48,49]
but which can also engender various protective responses [50,51] and thus have the potential to
either favor or hinder the entry of the secondary ‘invading’ Leishmania. In several studies examining challenge by sand fly bite of mice which had healed from primary infections, sterilizing
immunity was seen in 33/64 mice tested in challenge infections (52%), while the remainder
showed minimal pathology accompanied by parasite numbers ranging from 100 to 10,000 at the
challenge bite site [48,52]. Assuming that these parasites arise primarily from the challenge parasite (as shown here), both natural sand fly and ‘needle’ challenge can yield infections with robust
parasite survival at the secondary challenge site at significant frequencies.

Consequences of ‘nonexclusive’ parasitism to parasite diversity and
vaccination strategies
That concomitant immunity induced by primary L. major infections protects against pathology
can occur at significant frequencies without sterilization, instead leading to ‘mixed’ infections
of the host, has important implications for the generation and maintenance of Leishmania
diversity. In regions where Leishmania is endemic, mammalian hosts are likely subjected to
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many bites by infected sand flies [53,54], which over time could result in the host being persistently infected with several genetically distinct parasite lines. There are numerous reports documenting the recovery from infected animals and humans of Leishmania stabilates exhibiting
mixed genotypes, using a variety of molecular taxonomic methods [55]. Some fraction of these
represent true mixed infections, while others may arise from the presence of intra- or inter-specific hybrids [31,55,56,57,58,59,60]. In several studies the incidence of mixed populations
exceeded 10% [54,61,62,63]. Moreover, concerns have been raised about the efficiency of detection of mixed infections, ranging from technical analysis to problems associated with differential outgrowth during adaptation to culture [62,63,64], suggesting that the true incidence may
be greater than presently appreciated. Notably, human infections showing overt pathology
have been most highly sampled, and even for humans the situation in the more prevalent
‘asymptomic’ infections (primary or secondary) is largely unknown. Thus while it is difficult to
say with any certainty what fraction of natural Leishmania infections are truly ‘mixed’ in
human or animal reservoir populations, they are far from rare, and potentially quite common.
Once established, mixed infections have the potential to be passed on to sand flies, which
have recently been shown to be the site of both intra-specific and interspecific genetic exchange
[32,65,66,67,68]. Since the frequency of sand flies bearing Leishmania in natural populations is
relatively low (often just a few percent) [69,70,71], the accumulation and maintenance of
mixed populations over time in persistent mammalian infections would act to increase the frequency at which sand flies acquire mixed infections, which thereafter undergo genetic
exchange and generate diversity. While genetic exchange occurs relatively infrequently on a
per Leishmania cell basis (<10−4; [32]), Leishmania numbers in sand flies are sufficient to yield
hybrid parasites at high frequencies (25% or greater per fly; [32,65]. Thus, the lack of ‘exclusivity’ even in the presence of protection against disease pathology may result in increased opportunities for genetic exchange and the emergence of new disease phenotypes in nature [72].
Our data also have some consequences to vaccination strategies. Currently the ‘healed’
mouse is considered a ‘gold standard’ for the maintenance of effective immunity against disease
pathology, and the generation of live-attenuated parasite lines that persist without pathology
while immunizing against virulent challenge has been a priority in vaccine research [40,73].
Our data suggest that such an approach would likely allow virulent parasites from subsequent
natural infections to establish their own persistent infections, which could then pose a risk of
reactivation and/or transmission. This may provide further impetus for the development of
vaccines conferring sterilizing, long-lasting protection against both pathology and parasitemia.

Acknowledgments
We thank S. Hickerson for technical assistance, members of our laboratory for discussions, and
D.L. Sacks for comments on this manuscript.

Author Contributions
Conceived and designed the experiments: MAM SMB. Performed the experiments: MAM.
Analyzed the data: MAM SMB. Contributed reagents/materials/analysis tools: MAM SMB.
Wrote the paper: MAM SMB. Provided cell lines: SMB.

References
1.

Lin PL, Flynn JL (2010) Understanding latent tuberculosis: a moving target. J Immunol 185: 15–22. doi:
10.4049/jimmunol.0903856 PMID: 20562268

2.

Taylor MJ, Hoerauf A, Bockarie M (2010) Lymphatic filariasis and onchocerciasis. Lancet 376: 1175–
1185. doi: 10.1016/S0140-6736(10)60586-7 PMID: 20739055

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004811

June 28, 2016

10 / 14

Leishmania is Nonexclusive

3.

Dubey JP, Jones JL (2008) Toxoplasma gondii infection in humans and animals in the United States.
Int J Parasitol 38: 1257–1278. doi: 10.1016/j.ijpara.2008.03.007 PMID: 18508057

4.

Decman V, Freeman ML, Kinchington PR, Hendricks RL (2005) Immune control of HSV-1 latency. Viral
Immunol 18: 466–473. PMID: 16212525

5.

Goh BT (2005) Syphilis in adults. Sex Transm Infect 81: 448–452. PMID: 16326843

6.

Medzhitov R, Schneider DS, Soares MP (2012) Disease tolerance as a defense strategy. Science 335:
936–941. doi: 10.1126/science.1214935 PMID: 22363001

7.

Brown SP, Grenfell BT (2001) An unlikely partnership: parasites, concomitant immunity and host
defence. Proc Biol Sci 268: 2543–2549. PMID: 11749708

8.

Perignon JL, Druilhe P (1994) Immune mechanisms underlying the premunition against Plasmodium
falciparum malaria. Mem Inst Oswaldo Cruz 89 Suppl 2: 51–53. PMID: 7565132

9.

Smith T, Felger I, Tanner M, Beck HP (1999) Premunition in Plasmodium falciparum infection: insights
from the epidemiology of multiple infections. Trans R Soc Trop Med Hyg 93 Suppl 1: 59–64. PMID:
10450428

10.

Lenski RE, May RM (1994) The evolution of virulence in parasites and pathogens: reconciliation
between two competing hypotheses. J Theor Biol 169: 253–265. PMID: 7967617

11.

Frank SA (1996) Models of parasite virulence. Q Rev Biol 71: 37–78. PMID: 8919665

12.

May RM, Anderson RM (1983) Epidemiology and genetics in the coevolution of parasites and hosts.
Proc R Soc Lond B Biol Sci 219: 281–313. PMID: 6139816

13.

Montoya JG, Liesenfeld O (2004) Toxoplasmosis. Lancet 363: 1965–1976. PMID: 15194258

14.

Bourgeois N, Bastien P, Reynes J, Makinson A, Rouanet I, et al. (2010) 'Active chronic visceral leishmaniasis' in HIV-1-infected patients demonstrated by biological and clinical long-term follow-up of 10
patients. HIV Med 11: 670–673. doi: 10.1111/j.1468-1293.2010.00846.x PMID: 20500233

15.

Ma DD, Concannon AJ, Hayes J (1979) Fatal leishmaniasis in renal-transport patient. Lancet 2: 311–
312.

16.

Smithers SR, Terry RJ (1969) Immunity in schistosomiasis. Ann N Y Acad Sci 160: 826–840. PMID:
4981050

17.

Ptashne M (2004) A genetic switch: phage lambda revisited. Cold Spring Harbor, New York, USA:
Cold Spring Harbor Laboratory Press.

18.

Launois P, Louis JA, Milon G (1997) The fate and persistence of Leishmania major in mice of different
genetic backgrounds: an example of exploitation of the immune system by intracellular parasites. Parasitology 115 Suppl: S25–32. PMID: 9571688

19.

Belkaid Y, Mendez S, Lira R, Kadambi N, Milon G, et al. (2000) A natural model of Leishmania major
infection reveals a prolonged "silent" phase of parasite amplification in the skin before the onset of
lesion formation and immunity. J Immunol 165: 969–977. PMID: 10878373

20.

Nicolas L, Sidjanski S, Colle JH, Milon G (2000) Leishmania major reaches distant cutaneous sites
where it persists transiently while persisting durably in the primary dermal site and its draining lymph
node: a study with laboratory mice. Infect Immun 68: 6561–6566. PMID: 11083765

21.

Belkaid Y, Piccirillo CA, Mendez S, Shevach EM, Sacks DL (2002) CD4+CD25+ regulatory T cells control Leishmania major persistence and immunity. Nature 420: 502–507. PMID: 12466842

22.

Tabbara KS, Peters NC, Afrin F, Mendez S, Bertholet S, et al. (2005) Conditions influencing the efficacy
of vaccination with live organisms against Leishmania major infection. Infect Immun 73: 4714–4722.
PMID: 16040984

23.

Nadim A, Javadian E, Tahvildar-Bidruni G, Ghorbani M (1983) Effectiveness of leishmanization in the
control of cutaneous leishmaniasis. Bull Soc Pathol Exot Filiales 76: 377–383. PMID: 6354498

24.

Lira R, Doherty M, Modi G, Sacks D (2000) Evolution of lesion formation, parasitic load, immune
response, and reservoir potential in C57BL/6 mice following high- and low-dose challenge with Leishmania major. Infect Immun 68: 5176–5182. PMID: 10948141

25.

Kimblin N, Peters N, Debrabant A, Secundino N, Egen J, et al. (2008) Quantification of the infectious
dose of Leishmania major transmitted to the skin by single sand flies. Proc Natl Acad Sci U S A.

26.

Svobodova M, Votypka J, Nicolas L, Volf P (2003) Leishmania tropica in the black rat (Rattus rattus):
persistence and transmission from asymptomatic host to sand fly vector Phlebotomus sergenti.
Microbes Infect 5: 361–364. PMID: 12737990

27.

Mendez S, Reckling SK, Piccirillo CA, Sacks D, Belkaid Y (2004) Role for CD4(+) CD25(+) regulatory T
cells in reactivation of persistent leishmaniasis and control of concomitant immunity. J Exp Med 200:
201–210. PMID: 15263027

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004811

June 28, 2016

11 / 14

Leishmania is Nonexclusive

28.

Mendez S, Gurunathan S, Kamhawi S, Belkaid Y, Moga MA, et al. (2001) The potency and durability of
DNA- and protein-based vaccines against Leishmania major evaluated using low-dose, intradermal
challenge. J Immunol 166: 5122–5128. PMID: 11290794

29.

Mendez S, Tabbara K, Belkaid Y, Bertholet S, Verthelyi D, et al. (2003) Coinjection with CpG-containing
immunostimulatory oligodeoxynucleotides reduces the pathogenicity of a live vaccine against cutaneous Leishmaniasis but maintains its potency and durability. Infect Immun 71: 5121–5129. PMID:
12933855

30.

Reckling S, Divanovic S, Karp CL, Wojciechowski S, Belkaid Y, et al. (2008) Proapoptotic Bcl-2 family
member Bim promotes persistent infection and limits protective immunity. Infect Immun 76: 1179–
1185. PMID: 18086806

31.

Miles MA, Yeo M, Mauricio IL (2009) Genetics. Leishmania exploit sex. Science 324: 187–189. doi: 10.
1126/science.1172789 PMID: 19359570

32.

Akopyants NS, Kimblin N, Secundino N, Patrick R, Peters N, et al. (2009) Demonstration of genetic
exchange during cyclical development of Leishmania in the sand fly vector. Science 324: 265–268. doi:
10.1126/science.1169464 PMID: 19359589

33.

Madeira da Silva L, Owens KL, Murta SM, Beverley SM (2009) Regulated expression of the Leishmania
major surface virulence factor lipophosphoglycan using conditionally destabilized fusion proteins. Proc
Natl Acad Sci U S A 106: 7583–7588. doi: 10.1073/pnas.0901698106 PMID: 19383793

34.

Thalhofer CJ, Graff JW, Love-Homan L, Hickerson SM, Craft N, et al. (2010) In vivo imaging of transgenic Leishmania parasites in a live host. J Vis Exp.

35.

Kapler GM, Coburn CM, Beverley SM (1990) Stable transfection of the human parasite Leishmania
major delineates a 30-kilobase region sufficient for extrachromosomal replication and expression. Mol
Cell Biol 10: 1084–1094. PMID: 2304458

36.

Spath GF, Beverley SM (2001) A lipophosphoglycan-independent method for isolation of infective
Leishmania metacyclic promastigotes by density gradient centrifugation. Exp Parasitol 99: 97–103.
PMID: 11748963

37.

Lima HC, Bleyenberg JA, Titus RG (1997) A simple method for quantifying Leishmania in tissues of
infected animals. Parasitol Today 13: 80–82. PMID: 15275128

38.

Mou Z, Muleme HM, Liu D, Jia P, Okwor IB, et al. (2013) Parasite-derived arginase influences secondary anti-Leishmania immunity by regulating programmed cell death-1-mediated CD4+ T cell exhaustion.
J Immunol 190: 3380–3389. doi: 10.4049/jimmunol.1202537 PMID: 23460745

39.

Okwor I, Liu D, Beverley SM, Uzonna JE (2009) Inoculation of killed Leishmania major into immune
mice rapidly disrupts immunity to a secondary challenge via IL-10-mediated process. Proc Natl Acad
Sci U S A 106: 13951–13956. doi: 10.1073/pnas.0905184106 PMID: 19666482

40.

Spath GF, Lye LF, Segawa H, Sacks DL, Turco SJ, et al. (2003) Persistence without pathology in phosphoglycan-deficient Leishmania major. Science 301: 1241–1243. PMID: 12947201

41.

Mureev S, Kushnir S, Kolesnikov AA, Breitling R, Alexandrov K (2007) Construction and analysis of
Leishmania tarentolae transgenic strains free of selection markers. Mol Biochem Parasitol 155: 71–83.
PMID: 17658188

42.

Modabber F (1987) A model for the mechanism of sensitivity of BALB/c mice to L. major and premunition in leishmaniasis. Ann Inst Pasteur Immunol 138: 781–786. PMID: 3440062

43.

Aebischer T, Moody SF, Handman E (1993) Persistence of virulent Leishmania major in murine cutaneous leishmaniasis: a possible hazard for the host. Infect Immun 61: 220–226. PMID: 8093358

44.

Belkaid Y, Hoffmann KF, Mendez S, Kamhawi S, Udey MC, et al. (2001) The role of interleukin (IL)-10
in the persistence of Leishmania major in the skin after healing and the therapeutic potential of anti-IL10 receptor antibody for sterile cure. J Exp Med 194: 1497–1506. PMID: 11714756

45.

Aslan H, Oliveira F, Meneses C, Castrovinci P, Gomes R, et al. (2016) New Insights Into the Transmissibility of Leishmania infantum From Dogs to Sand Flies: Experimental Vector-Transmission Reveals
Persistent Parasite Depots at Bite Sites. J Infect Dis 213: 1752–1761. doi: 10.1093/infdis/jiw022 PMID:
26768257

46.

Theodos CM, Titus RG (1993) Salivary gland material from the sand fly Lutzomyia longipalpis has an
inhibitory effect on macrophage function in vitro. Parasite Immunol 15: 481–487. PMID: 8233563

47.

Titus RG, Ribeiro JM (1988) Salivary gland lysates from the sand fly Lutzomyia longipalpis enhance
Leishmania infectivity. Science 239: 1306–1308. PMID: 3344436

48.

Peters NC, Kimblin N, Secundino N, Kamhawi S, Lawyer P, et al. (2009) Vector transmission of leishmania abrogates vaccine-induced protective immunity. PLoS Pathog 5: e1000484. doi: 10.1371/
journal.ppat.1000484 PMID: 19543375

49.

Rogers ME, Corware K, Muller I, Bates PA (2010) Leishmania infantum proteophosphoglycans regurgitated by the bite of its natural sand fly vector, Lutzomyia longipalpis, promote parasite establishment in

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004811

June 28, 2016

12 / 14

Leishmania is Nonexclusive

mouse skin and skin-distant tissues. Microbes Infect 12: 875–879. doi: 10.1016/j.micinf.2010.05.014
PMID: 20561596
50.

Kamhawi S, Belkaid Y, Modi G, Rowton E, Sacks D (2000) Protection against cutaneous leishmaniasis
resulting from bites of uninfected sand flies. Science 290: 1351–1354. PMID: 11082061

51.

Morris RV, Shoemaker CB, David JR, Lanzaro GC, Titus RG (2001) Sandfly maxadilan exacerbates
infection with Leishmania major and vaccinating against it protects against L. major infection. J Immunol
167: 5226–5230. PMID: 11673536

52.

Peters NC, Bertholet S, Lawyer PG, Charmoy M, Romano A, et al. (2012) Evaluation of recombinant
Leishmania polyprotein plus glucopyranosyl lipid A stable emulsion vaccines against sand fly-transmitted Leishmania major in C57BL/6 mice. J Immunol 189: 4832–4841. doi: 10.4049/jimmunol.1201676
PMID: 23045616

53.

Madeira MF, Schubach A, Schubach TM, Pacheco RS, Oliveira FS, et al. (2006) Mixed infection with
Leishmania (Viannia) braziliensis and Leishmania (Leishmania) chagasi in a naturally infected dog from
Rio de Janeiro, Brazil. Trans R Soc Trop Med Hyg 100: 442–445. PMID: 16257024

54.

Strelkova MV, Eliseev LN, Ponirovsky EN, Dergacheva TI, Annacharyeva DK, et al. (2001) Mixed leishmanial infections in Rhombomys opimus: a key to the persistence of Leishmania major from one transmission season to the next. Ann Trop Med Parasitol 95: 811–819. PMID: 11784435

55.

Banuls AL, Hide M, Prugnolle F (2007) Leishmania and the leishmaniases: a parasite genetic update
and advances in taxonomy, epidemiology and pathogenicity in humans. Adv Parasitol 64: 1–109.
PMID: 17499100

56.

Rougeron V, De Meeus T, Kako Ouraga S, Hide M, Banuls AL (2010) "Everything you always wanted
to know about sex (but were afraid to ask)" in Leishmania after two decades of laboratory and field analyses. PLoS Pathog 6: e1001004. doi: 10.1371/journal.ppat.1001004 PMID: 20808896

57.

Kato H, Caceres AG, Hashiguchi Y (2016) First Evidence of a Hybrid of Leishmania (Viannia) braziliensis/L. (V.) peruviana DNA Detected from the Phlebotomine Sand Fly Lutzomyia tejadai in Peru. PLoS
Negl Trop Dis 10: e0004336. doi: 10.1371/journal.pntd.0004336 PMID: 26735142

58.

Pratlong F, Portus M, Rispail P, Moreno G, Bastien P, et al. (1989) Simultaneous presence in dogs of 2
zymodemes of the Leishmania infantum complex [Fr.]. Ann Parasitol Hum Comp 64: 312–314. PMID:
2817695

59.

Ravel C, Cortes S, Pratlong F, Morio F, Dedet JP, et al. (2006) First report of genetic hybrids between
two very divergent Leishmania species: Leishmania infantum and Leishmania major. Int J Parasitol 36:
1383–1388. PMID: 16930606

60.

Seblova V, Myskova J, Hlavacova J, Votypka J, Antoniou M, et al. (2015) Natural hybrid of Leishmania
infantum/L. donovani: development in Phlebotomus tobbi, P. perniciosus and Lutzomyia longipalpis
and comparison with non-hybrid strains differing in tissue tropism. Parasit Vectors 8: 605. doi: 10.1186/
s13071-015-1217-3 PMID: 26608249

61.

Pomares C, Marty P, Banuls AL, Lemichez E, Pratlong F, et al. (2016) Genetic Diversity and Population
Structure of Leishmania infantum from Southeastern France: Evaluation Using Multi-Locus Microsatellite Typing. PLoS Negl Trop Dis 10: e0004303. doi: 10.1371/journal.pntd.0004303 PMID: 26808522

62.

Babiker AM, Ravagnan S, Fusaro A, Hassan MM, Bakheit SM, et al. (2014) Concomitant Infection with
Leishmania donovani and L. major in Single Ulcers of Cutaneous Leishmaniasis Patients from Sudan. J
Trop Med 2014: 170859. doi: 10.1155/2014/170859 PMID: 24744788

63.

Bastrenta B, Mita N, Buitrago R, Vargas F, Flores M, et al. (2003) Human mixed infections of Leishmania spp. and Leishmania-Trypanosoma cruzi in a sub Andean Bolivian area: identification by polymerase chain reaction/hybridization and isoenzyme. Mem Inst Oswaldo Cruz 98: 255–264. PMID:
12764443

64.

Boite MC, de Oliveira TS, Ferreira GE, Trannin M, dos Santos BN, et al. (2014) Polymorphisms and
ambiguous sites present in DNA sequences of Leishmania clones: looking closer. Infect Genet Evol
25: 110–116. doi: 10.1016/j.meegid.2014.04.011 PMID: 24768683

65.

Inbar E, Akopyants NS, Charmoy M, Romano A, Lawyer P, et al. (2013) The mating competence of
geographically diverse Leishmania major strains in their natural and unnatural sand fly vectors. PLoS
Genet 9: e1003672. doi: 10.1371/journal.pgen.1003672 PMID: 23935521

66.

Romano A, Inbar E, Debrabant A, Charmoy M, Lawyer P, et al. (2014) Cross-species genetic exchange
between visceral and cutaneous strains of Leishmania in the sand fly vector. Proc Natl Acad Sci U S A
111: 16808–16813. doi: 10.1073/pnas.1415109111 PMID: 25385616

67.

Calvo-Alvarez E, Alvarez-Velilla R, Jimenez M, Molina R, Perez-Pertejo Y, et al. (2014) First evidence
of intraclonal genetic exchange in trypanosomatids using two Leishmania infantum fluorescent transgenic clones. PLoS Negl Trop Dis 8: e3075. doi: 10.1371/journal.pntd.0003075 PMID: 25188587

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004811

June 28, 2016

13 / 14

Leishmania is Nonexclusive

68.

Sadlova J, Yeo M, Seblova V, Lewis MD, Mauricio I, et al. (2011) Visualisation of Leishmania donovani
fluorescent hybrids during early stage development in the sand fly vector. PLoS One 6: e19851. doi:
10.1371/journal.pone.0019851 PMID: 21637755

69.

Killick-Kendrick R, Ward R.D. (1981) Ecology of Leishmania. Parasitology 82: 143–152.

70.

Bhattarai NR, Das ML, Rijal S, van der Auwera G, Picado A, et al. (2009) Natural infection of Phlebotomus argentipes with Leishmania and other trypanosomatids in a visceral leishmaniasis endemic region
of Nepal. Trans R Soc Trop Med Hyg 103: 1087–1092. doi: 10.1016/j.trstmh.2009.03.008 PMID:
19345387

71.

Pandey K, Pant S, Kanbara H, Shuaibu MN, Mallik AK, et al. (2008) Molecular detection of Leishmania
parasites from whole bodies of sandflies collected in Nepal. Parasitol Res 103: 293–297. doi: 10.1007/
s00436-008-0967-7 PMID: 18415124

72.

King KC, Stelkens RB, Webster JP, Smith DF, Brockhurst MA (2015) Hybridization in Parasites: Consequences for Adaptive Evolution, Pathogenesis, and Public Health in a Changing World. PLoS Pathog
11: e1005098. doi: 10.1371/journal.ppat.1005098 PMID: 26336070

73.

Uzonna JE, Spath GF, Beverley SM, Scott P (2004) Vaccination with phosphoglycan-deficient Leishmania major protects highly susceptible mice from virulent challenge without inducing a strong Th1
response. J Immunol 172: 3793–3797. PMID: 15004184

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004811

June 28, 2016

14 / 14

